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Abstract On defining the interfaces, different — often standard-
ized — domain models must be considered.

A major task in designing embedded systems is the sys- . _ _
tematic elaboration of functional system requirements and ® They demand a high quality standard regarding func-

their integration into the environment of the overall tech- tionality, safety and security, real time behavior, and
nical system. The main challenge is to handle the ver- transparency to the user. The system must behave pre-
satile tasks of coordinating the communication and con- dictable and comprehensible.

solidation of the various stakeholder requirements of the
different involved diciplines and derive a common defini-
tion of the system behavior, which is appropriate to the
problem. The problem- and customer-related product def-
inition must be consolidated with and integrated into the
manifold requirements of the functional and technical sys-
tem design. Accordingly, the model-based requirements ) o
analysis and system-definition presented here defines a Looking at these criteria it becomes clear, that the formu-
well-structured modeling approach, which provides a ba- lation ofarequirement.s- and systelms-specification hgs tob
sic model of RE work products (RE Product Model) and the result of systematic coordination between the differen
systematically guides the goal-oriented formulation add a demands of the stakeholder, the customers and users (users,
justment of the different stakeholder-requirements bygusi marketing, distribution, service, product lines) on theon
functional system views and descriptive specification-tech Nand, and the technical disciplines like mechanics, eeetr
niques. Thus it allows a clear specification of a consis- ICS and computer science on the other hand. Thus we have
tent and complete system design. The central steps of thid®
approach are implemented in a requirements management
(RM) tool prototype calledduTORAID.

e Embedded systems are developed more and more
within the scope of product lines. We have to consider
strategic problems regarding the product itself and the
structuring of the system functionality in terms of plat-
forms and variations.

e analyze the problem and the goals of the product de-
velopment,

1. Introduction e systematically elaborate the functional requirements
and properties, as well as the integration of the system

Embedded systems are software-/hardware-systems, including all its interfaces, and have to describe them

which control the behavior of complete technical systems. precisely. Furthermore, we have to

Examples for embedded systems are engine management

systems or airbag-control systems from the automotive do- ® elaborate and analyze the manifold constraints which

main or, in addition, production systems in the automation result from the different objectives and the integration

technology. The challenges in their design become appar-  into the products and systems, and to

ent when we take a look at nowadays systems engineering

in the automotive domain e include the resulting requirements regarding design

and realization of the system in an early phase into the
specification of the system. As well, we have to con-
sider constraints to the functions, the behavior and the
technical realization of the system.

e Embedded systems are part of distributed and complex
heterogeneous products and systems. They must be in-
tegrated into various hardware and software systems.
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Figure 1. RE Product Model

2. Model-Based RE of Embedded Systems —

The central approach of model-based requirements en-
gineering (RE) is the introduction of a common model of
specification products — the RE Product Model (Fig. 1). It
drives the interdisciplinary elaboration and coordinatd
the requirements with the aid of elementary models and
constraints. It's substantial elements are the definitibn o
goalsandstrategic constraintsthe resultingunctional re- cqustiaot;
quirementsandgeneral conditiongor the system to be de- ’l p——
veloped from the customer’s point of view, and the precise j| Constraints
specification of the system concept with dstailed system —
requirementsand constraintsto interfaces and the further
design within the disciplines software, mechanics and-elec  Figure 2. Classification Scheme of Require-
tronics. ments

According to this, the product model classifies require-
ments and the views onto the system, which have to be mod-
eled. Fig. 2 shows the corresponding classification schema
for requirements. It guaranties the goal-oriented elabora the design:general conditiongin generalnon-functional
tion and evaluation of requirements and conce@gials  'equirementsare design decisions imposed on the system.
constitute the definition and design fufnctional require- ~ They have to be motivated from businegmls They drive
mentsandgeneral conditionsas well as the detailed system the refinement of the "high-level” requirements and the de-
concept designFunctional requirementdescribe the user ~ Sign of thedetailed system concepthich is systematically
functionalities of the future system, agéneral conditions  derived and specified by functional models.
specify restrictions or design decisions to be observed in  The modeling concepts provided by the approach de-
the development. These "high-level” requirements have to scribe embedded systems and its use via five basic "mod-
be refined with aid of the functional modeling of the system eling views”: scenario views(models of the use processes
and to adjust and complete the concept of the system preand scenariosktructural views (environment model, sys-
cisely to the further developmenfinctional requirements  tem boundaries, function hierarchyijjteraction views,
andgeneral conditions@re methodically related regarding data viewsandbehavioral views By the mapping of these

Functional
Requirements Detailed
System Requirements

Goals and Strategic Constraints




Refinement views and graphical description techniqu&sstem Struc-

p gy ture Diagrams (SSDsare similar to component diagrams
e e @ and describe the structure of a system, including its com-
s\, 8 s ponents, their interf_aces, and their communication pgths.
ol % complete dessiting |8, ) Srtem System Structure Diagrams (STDspresent extended fi-
5| feiemens reqiinements § nite automata and are used to describe the behavior of a
@ it <§ componentin an SSata Type Definitions (DTDgpec-
requirements ify the data types used in the model, with the functional
Modelling language Quest [9]Extended Event Traces (EETB)ally
make it possible to describe exemplary system runs, similar
Figure 3. Iterative Process Model in  Au- to MSCs [5] (cf. Fig. 4). The verification and simulation
TORAID support supplied by BToFocus can be used to validate

the requirements.
AuTOFocus was developed at the chair of “Systems

) ) » . and Software Engineering” at the TU Munchen as a pro-
views onto a uniform system model, conditions regarding oy ne in a scientific context, and was used successfully in

consistence between the views are introduced, which careyera industrial projects. It connects concepts of syste
be used for the review and adjustment of the elaboratedyegign simulation, code- and testcase-generation, and pr
requirements- and system-models. Requirements of differ-yjeg yerification of software components. Fig. 5 shows
ent stakeholders are mapped on the modeling elements of,o | nderlying system concept — the dependencies between
the system views in a step-wise fashion, are structured, anadihe modeling views of system structure (eGpmponents
lyzed, and completed with the aid of the underlying system PortsandChannely and system behaivior (e. §equences
model as well as the consistency conditions. The interac'ControIStateandTransitions.

tive use of descriptive specifications techniques is substa In the following, we sketch the process of the model-

tial for the successful and goal-oriented adjustment of the based requirements engineering regarding to the method-

funct_ional system vievx{s. . ological steps of ATORAID in Fig. 3. A detailed descrip-
With the help of this structured modeling approach, a 4 can be found in 2].

basis for communication and adjustment for the interdis-
ciplinary elaboration, validation, and analysis of a censi

tent and complete requirements- and system-specificatio
is found. The RE product model allows the common goal-
oriented and traceable definition of requirements and serve ~ The requirements engineering process starts with the
as a standard for quality and progress control of the specifi-elicitation of requirements. Common techniques to acquire

n3'1' Getting and Refining Requirements

cation. them are structured workshops or interviews [4, 6]. In

the most straightforward case requirements are entered int

3. Requirements Management — The A- AUTORAID. _To create a new requirement, att_ributc_e; like
ToRAID Tool title, description status priority, etc. have to be identified.

Fig. 6 shows the concepts within the data model and Fig. 7
shows the concept by theukORAID user interface repre-
sentation. The project tree (lhs. in Fig. 7) shows the refine-
g Mentstructure of requirements. Additionally, requiretsen
source documents and their contexts are integrated into the
Analysistree.

Besides directly creating new requirements, require-
ments can be created out ofaurce documentorked out
by a source contex{meetings, telephone calls, etc.). By
“cut-and-paste”, requirements can be conveniently cdeate
and traced to the source by keeping the link to the corre-
sponding part of the document. UAORAID supports di-
rect integration of structured requirements documentg, e.
generated by DOORS.

Requirements - distinguished by their unique identifier
and title — are added to tlamalysisbranch of grojecttree.
1AuToFocusRequirements Analysis Integrating Development (cf. Fig. 7, Ihs.).

The main concept of model-based requirements engi-
neering are founded in the data model of theTARAID -
tool (Figures 5 and 6). It guides the multidisciplinary R
activitiesRefinementClassifying Modeling andAnalysis
which have to be elaborated in an iterative steps, of re-
guirements analysis and system designs. This iterativk fee
back loop of refining and completing requirements in-A
TORAID is shown in Fig. 3. The steftarting and getting
requirementshows the steady input of requirements into
the process. The activityystem desigshows the adjust-
ment and specification of models/drafts during the whole
RE-process.

AUTORAID is integrated into the specification tool
AuToFocus [1, 3], and uses its formal founded system
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Figure 4. System Views and Representation Techniques in

According to the goal-oriented refinement of require-
ments,ApplicationRequirementsan be derived from goals
(BusinessRequiremeptin AUTORAID. From Applica-
tionRequirementfurther SubApplicationRequiremertan
be derived. Vice versa, it is possible to analyze
elicited requirements according to their contributionhe t
goal-achievement, and to structure them in refinement-
hierarchies. Fig. 6 shows the corresponding functionality
within the AUTORAID data model by thés Justified Bye-
lation betweerBusinessRequiremerasid Application Re-
quirementstheir Super-andSub-relations, and by the dif-
ferent forms of structuring requirements ifttseCase®r
Constraints The corresponding menue functions are shown
in Fig. 8 Edit, Classify tq Refiné, CreateandAssociat,
and the resulting refinement-structure is representeddoy th
"goal-trees™ within the Requirementstree. (All Appli-
cationRequirementsiust be subordinated BusinessRe-
qguirements The refinement relations are also shown in
the description of a requirement (right hand side of the
AUTORAID window), listing directSuperrequirementnd
Subrequirements

3.2. Classification and Modeling of Require-
ments

According to the classifying schema of requirements,
in AUTORAID requirements can be refined and specified
by UseCasesor Constraints UseCasesare processés
or required system functions or services, which have to

2The sub-menu functions @efineare Edit RefinementCopy, Move
InsertandRevers
3Business or use processes

AuTOFOCuUs

be specified in a more detailed wagonstraintsare the
specification of the system environment or the request for
system requirements like architectural-, state- or iatesf
requirements.

Constraintsare separated into (Fig. 6)

e ArchitecturalConstraints- requirements regarding the
structure of the system to be developed, and its envi-
ronment. Here, the components, their interfaces and
the communication channels can be constituted (struc-
tural view).

ModalConstraints— modes of the application. The
states and the transitions between them can be defined
(state-oriented behavioral view).

DTDConstraints- data type definitions of the commu-
nication within the system or a state variable of the
modeling of the behavior (data view).

The initial point for the elaboration of functional require
ments and system designs is the comprehensive modeling
and analysis of both the business- and use-processes of the
system. This is done by using tfseCaseand Scenario
modeling. Starting with the informal use of graphical mod-
eling techniques, like activity diagrams in UML, the main
application-process steps and use functions of the system
are defined, and modeled withinuUAORAID, in an itera-
tive way. This procedure, as well as the detailed analysis
and modeling of the scenarios and system interactions are
described in Sect. 3.2.3.

Classifying requirements intoUse Case/Scenarjo

Architectural; Modal- or DTD-Constraintds the first step
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towards detailed system modeling. By and by, the com- modeling view.

ponents of the system environment and the system bound- This design-relation between requirements and model el-
aries are defined, the interfaces are sketched and the systemments is specified on both sides:

functions/services, which have to be developed, are identi

fied. For the purpose of this construction and detailed spec- e In the requirements sheet of th&€onstraint

ification of the component- and system-behavior, in-A
TORAID the Motivation-andAssociationfunction are con-

requirement Architectural Constraint Engine the
model elements that ammotivatedby this require-

ceived. ment are listed inside the attribute palykotivated
321 Motivation Componentgrear window in the workspace).
The Motivationfunction in AUTORAID is used to cre- ¢ Inthe attribute sheet of the constructdddelview En-

ate model elements inwoFocus out of theContraints
requirements. Fig. 6 shows the corresponding construction
relation (Motivation) between the requirements for dedi-
cated model elementonstrainty and the system ele-
ments to be modeledCpmponentChanne] State Tran-
sitionSegmenfTypé of the system-specification-toolux-

gine themotivatingitems are listed in th®otivations
page.

3.2.2 Association

By theAssociationgelation of the AITORAID data model
oFocus previously motivated system model elements (components,
Fig. 8 shows a corresponding screenshotofARAID, channels, modes, scenarios, etc.) can be specified in de-
where the motivation and construction of the component tail: arbitrary ApplicationRequirementsan be mapped to
Enginefrom the ArchitecturalConstraint Engine demon- the system models and thus specify the system require-
strated. It results from the selection of the menu itdoti- ments precisely.Association Fig. 8 shows a first map-
vate — New Componer®n running thisnotivatefunction, ping of requirements to the system compon@rtvMeter-
in the sub-treeModelviews — Architecturahe correspond-  Controller (specification page in the workspace), which has
ing component is inserted, and simultaneously in the mod-to be developed. ThAssociationsare listed in the corre-
eling area of AToFocusthe accompanied modeling ele- sponding page of the attribute-shé&¥gital Display. For
ment is constructed. As a result, the sub-compoQemh- example, for the componeBigital Display specific error-
ponent Enginégs created in thelesigntreeComponent Car  and warning-displays are required and specifteddr_RM,
and the componeringineis drawn in the graphical SSD  WarningRM. By this Associatiorfunction, functional and
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Figure 8. Motivation-and AssociatiorFunctionsin  AUTORAID

tative scenarios used to detail one Use Case. Furthermore,
a single scenario is structured by identification of its step

Then, every step of the previously informally described
scenarios now can be analyzed and specified according to
the system aspects of communicatiBuentObservatich
(Fig. 10), application modeModeObservationand sys-
tem/component stateStateObservatianAs illustrated by

As described before, the basic means to develop and re&n EventObservationf scenario-step 7, it allows the de-
fine functional requirements is a systematic process anal-2iled specification of thEendeandReceivecomponents,

ysis. Thus, the following tasks have to be done:

the communicatioifChannelsand theSignaldata structure
by selecting from an offered list. If the required compo-
Identification of the main system functions and their nent is missing, it has to be constructed by thetivation
application (hierarchicdUseCasedree with Scenario function before it can be selected within tBeentObser-
descriptions). vation With the optiondModeObservatiomr StateObser-
vation the required conditions for the mode and state vari-

Elaboration of individual steps performed through gpes of an interaction step can be specified, respectively.
these applicationsSequenceSteps

When the singlé&Sequencestapodels are defined using

Identification of the relevant components of the overall theObservatioranalysis, the graphical view of the specified
system Motivate ArchitecturalConstrainjs scenario can be generated by tBenerate MS&unction
(see Fig. 10). These scenario models can be used for fur-
Sher analysis or test case generation. According tdvtbe
tivation-function, by generating the interaction model of a
Identification of the necessary communications be- SCenario step, a corresponding model eleriti Evenin
tween, and mode or state changes of the components ofAUTOFOCuUSIs created (see Fig. 6). Requirements on these

the overall system CommunicationObservatiota- interaction events also can be mapped byAksociation
teObservationandModeObservation function, and therefore structured and specified precisely

(Motivate ModalConstrainds

Figure 9 shows the corresponding identification of Use

Cases and Scenarios ivAORAID, with several represen-

4namedCommObeservatiom the AUTORAID data model
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3.3 Completion, Tracing, and Analysis 4. Related Work

Major goal of the a_\nalysis is to revise requirements 1. basis of the ATORAID approach is the elabora-
and system concepts in terms of product goals and CUSyjq srycturing, analysis, and validation and completio

tomer needs, and to uncover inconsistencies and ambiguig reqirements with the aid of basic functional models,
ties within the specification. The core techniques @A 54 \e|| as the consequent deduction of the requirements
TORAID ensuring the developmg an adequate speC|f|_cat|onand system specification from goals (forward- and back-
of the system,_gre _theonstruc.tlve support for the refine- ward tracing). With the realization of this concepts within
mentof a specification, théracing of requirementsand a 6 50| AUTORAID and its integration into the mathemati-
generic mechanism to analyites specification. cally sound specification tooldroFocus, its possibilities

Through the constraints of the RE product modeli-A ¢\ erification can be used for validation and completion of
TORAID constructively enforces a systematical refinement requirements

and completion of the specification. Based on the problem-
oriented classification and formalization of requirements fu
constraints and use cases, objectives must be analyzed SY$H
tematically (e.g., when identifying sender, receiver, sigd
nal of a communication event). Thus, via the model rela- (cf. [8]).
tions of the product model, 'gaps’ and inconsistencies can The root of VORD is the analysis and structuring of re-
be found systematically, and then discussed and completed, uirements in the view of features (services). The services
By every iteration, the specification gets more and more g . . . ' .

: . of a system are described using scenarios. Non-functional
structured and appropriately modeled, eventually leading requirements are mapped to these services. The services can
via the model views — to a design specification of the sys- i

tem. Here, based on the goal-oriented refinement-relation be specified witfevent tracesind state automata. The tool

the benefit of requirements and design decisions can be an’§upport of VORD allows to systematically recognizing con-

. X flicts between requirements of different operational view-
alyzed, becauseWoRAID provides a seamless modeling : : ificat lidati fth ;
and coupling of requirements and system design. Based OrPomts (s_erwce speC|_|cat|ons). Ava idation of the requir

: ments with the mapping to mathematically founded models

goals and requirements system models and design concepts e )
can be derived and constructddrivard tracing. On the and a tool supported verification is not provided by VORD

other hand, system design concepts - and respectivel solu§O far.
. » SY g i pectively Leite and Freeman [8] structure requirements using dif-
tion concepts - can and have to judged regarding its bene-

) X . ) . ferent view points in basic models: data view, process view
fit, validated and integrated into the overall system design . : . o ;

. and architectural view. They provide heuristics to discove
(backward tracing,.

While the strictness of model-based formalization step confllgts within different reqwremerﬁs. A mapping O.f this
R e . generic concept of structuring requirements to precise and
implicitly helps to analyze a specification (e.g., when iden . . ) . oo
e . . .. mathematically founded information with the possibilify o
tifying sender, receiver, and signal of a communication

event), analysis techniques in form of consistency condi—ve“flcatlon_ 's notgiven here elt_her.
tions can be applied to detected possible weaknesses of the Goal-onente_d approaches like !(AO.S [10] analyze and
model. Some of these consistency, or rather, soundness corEI"’lbor"’lte requlr(_aments (goa!g) with aid of top—dc_an and
ditions used in the ATORAID approach are: ottom-up §0Iut|ons. Add|t|9nally, KAOS defines a
methodological concept for refinement of goals and map-
e Each business requirement must be refined by at leasping of the gained detailed requirements to software compo-
on application requirement. nents (agents). Here, a concept for structuring requirésnen
into functional (goals), non-functional requirementsf{so
goals) and a further consideration of the requirements re-
garding their relations (AND/OR-structures) are proposed
e Each classified requirements must be formalized by alf the requirements regarding agents are derived, they can
element of the design level. be specified precisely and verified with help of temporal
logic. A stepwise elaboration and structuring of require-
ments with the aid of functional models is not provided by
KAQOS. Here, a gap exists between the functional structur-
ing and the detailed requirements regarding agents.
In [4] a review-based approach for the stepwise structur-
))'ng of textual requirements is proposed. This works with
use-case descriptions structured using tables, and sl st

Approaches of requirements structuring with the help of
nctional models can be found in the VORD approach [7],
e KAOS approach[10] and in Leite’s and Freeman'’s work
on Requirements Validation Through Viewpoint Resolution

e Each application requirement must be classified or re-
fined by a further application requirement.

While the structuring, classification, and formalization

steps are performed with user interaction, assisted by con
venient support for fast and efficient creation of sub-
specifications, model-elements, etc., the consistencly ana
ysis is performed automatically, presenting those speeific

tion and model elements that do not meet the consistenc
conditions.



chart diagrams. BTORAID simplifies this review process
with the tool-based support of single transformation steps
and provides methods for analysis, as well as the consider-
ation of other aspects (e. g. data and structure).

In contrast to state-of-the-art RE tools like DOORS,
Requiste Pro, or Caliber, which provide a generic prod-
uct model consisting only of hierarchic and linked require-
ments, AITORAID uses a rich, domain-specific product

model with specific concepts like scenarios, modes, or [7]

observations. Therefore, it effectively supports a multi-
stakeholder, review-based RE process, improving the qual-
ity of a requirements-specification in the early developmen
steps as well as easing the transition to the design model.

5. Summary and Outlook

AUTORAID provides a model-based requirements anal-

ysis by a reference model of RE work products (RE Prod- [10]

uct Model) and a structured and stepwise transition from
textual requirements to a design model. The goal-oriented
Product Model provides a communication base for interdis-
ciplinary consolidation of requirements and guides the it-
erative refinement and completion to a problem-adequate
system specifications. It contains a detailed conceptual
model with different classes of requirements (e. g. busines
and application requirements, use cases, architectunal co
straints,modal constraints) and tool-supported stepfor
tegrating requirements analysis and functional system de-
sign. The final specified system behavior best meets the
business, user and quality goals of the development. Ac-
tual work extends the approach to a general model-based
RE reference model that is tailorable to specific domain
or project needs. Using a product model with extended,
domain specific requirements and views (e.g. time con-
straints), a deep structuring and strong interconnect&n b
tween requirements and system model views gets possi-
ble. Major goal is the assistance of complex analysis tech-
nigues (e. g. checking the consistency of system use scenar-
ios and its state-based behavior specification or verifying
the consistency of architectural interfaces constraints a
functional system requirements), and the support of dtail
generative steps like generating test cases from strutture
application scenarios.
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